Knowledge of urinary stone composition and structure provides important insights in guiding treatment and preventing recurrence. No current method can successfully provide information relating structure and composition of intact stones. We are developing a tomographic technique that uses measures of coherently scattered diagnostic x-rays to yield stone composition. Coherentscatter (CS) properties depend on molecular structure and are, therefore, sensitive to material composition. Powdered, amorphous or polycrystalline materials with no significant orientation produce circularly symmetric CS patterns. However, in materials with preferred crystallite orientation, like urinary stones, bright spots in CS patterns are observed. This compromises a composition analysis based on comparing CS measurements from calculi to a library of CS signatures from powdered chemicals. We show that a computed tomographic reconstruction of CS measurements using filtered backprojection (CSCT) effectively eliminates bright spots and yields CS patterns equivalent to powdered materials. This allows for direct comparison with a powdered chemical reference library to establish composition. Validation is achieved through a tomographic CS analysis of an aluminium (Al) rod phantom. Much like calculi, CS patterns from a solid polycrystalline Al rod exhibit diffraction spots, absent in the ring-like Al powder CS pattern. We show that the reconstructed Al CS cross-section is equivalent to its powdered counterpart and results in clearly defined composition images. The potential of CSCT to identify stone composition is demonstrated through images of intact stones deemed chemically pure by infrared spectroscopy. showing the distribution of stone components. These images provide strong evidence that current laboratory techniques risk missing critical stone components due to inadequate sampling. This is of particular importance since follow-up treatments are based on these composition analyses. CS analysis can distinguish common stone components and can provide topographic composition maps of intact stones. Such details offer invaluable clinical information regarding stone formation, treatment and follow-up, and thus support the development of CS analysis as a laboratory stone analysis technique.
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Introduction
Kidney stones are among the most prevalent disorders of the urinary system. If left untreated, they can lead to infection due to stasis of the urine and eventually engender kidney damage or failure. With continually increasing incidence rates, understanding the nature of stone formation as well as the factors triggering recurrence is imperative (Stamatelou et al 2003) . Knowledge of the structure and composition of urinary calculi may provide such insights and thus affect optimal treatment strategies.
Growth of a urinary calculus occurs around an initially formed nucleus. While some calculi comprise a single component, the majority have 'mixed' structure (Rodgers et al 1982) , showing variations in composition from the core to the surface. The large number of possible stone components and the variability in their relative arrangements within a stone add to the structural complexity. The most common crystalline constituents of urinary calculi are listed in table 1.
In calculi of mixed composition, factors triggering nucleation may be different to those promoting growth of peripheral layers (Daudon et al 1993) . Composition is therefore an indicator of etiological processes. For example, a COD calculus with its dehydrated chemical form, COM, in the core indicates stone growth (Uldall 1986) , while the presence of MAP in the peripheral layers indicates an onset of infection subsequent to formation. Composition and structure help reveal the underlying pathogenesis behind stone initiation and growth and identify conditions related to metabolic abnormalities and infection.
Kidney stone composition also influences treatment success. Extracorporeal shock wave lithotripsy (ESWL) has emerged as the primary mode of urinary stone therapy. Unfortunately, some urinary calculi exhibit little fragility in ESWL therapy, resulting in incomplete fragmentation and renal obstruction by larger fragments (Dretler 1988 , Dretler and Polykoff 1996 , Newman et al 1987 . Unsuccessful fragmentation occurs most often in stones deemed 'hard' such as those primarily composed of COM, CYS and CPD. The efficacy of ESWL is also compromised in MAP stones, as they have a soft but sticky consistency, rendering them difficult to break into passable fragments (Wu et al 1993) . Regardless of these trends, a large variability in fragmentation success exists for stones of similar primary mineral composition (Williams et al 2003) . While the presence of secondary minerals are thought to account for current inadequacies in predicting fragmentation behaviour, their role in fragility is poorly understood. Careful examination of fragility in complex stones, where detailed structure is known, may influence the selection of management options and thereby improve outcome and diminish the incidence of retreatment. Accordingly, morphological and structural analysis may not only prove necessary in reconstructing stone formation history and elucidating targets against recurrence but may also play a role in assessing response to therapy. Laboratory analyses of calculi are routinely performed by infrared spectroscopy (IRS) and x-ray diffractometry (XRD) to report chemical composition of small ex vivo stone fragments. XRD is a laboratory gold standard, identifying components by their unique sharp-peaked diffraction patterns produced using monoenergetic Cu-Kα (8 keV) x-rays. The major advantage of XRD is its almost absolute identification of crystalline and mixtures of crystalline materials (Sutor and Scheidt 1968) . Common crystalline components of urinary calculi are all readily identifiable and potentially measurable by this method.
Both IRS and XRD are restricted to surface analyses of small powdered samples, rendering them inappropriate for non-destructive stone analyses or for in situ applications. Consequently, structural information is virtually irrecoverable from measurements. As well, an accurate estimate of components can only be obtained if several zones of the stone are sampled. In some instances, the presence of small amounts of vital components may likely be missed due to under-sampling (Prien and Prien 1968) . This is of concern when follow-up treatments are based on compositional analyses.
Various imaging modalities including micro computed tomography (µCT), magnetic resonance imaging and spiral computed tomography have shown promise in identifying calculus composition non-destructively ex vivo (Mostafavi et al 1988 , Saw et al 2000 , Dawson et al 1994 . Zarse et al (2004) used µCT to obtain high-resolution volumetric structural images of urinary calculi in which depictions of COM, COD, CP, MAP, UA and CYS were based on the x-ray linear attenuation values. The attenuation ranges were determined through a calibration achieved by correlating composition information from Fourier transform infrared microspectroscopy spectra to attenuation values within specified regions of interests in the µCT images. These standards were established on a small data set, and thus require more rigorous analysis to provide validation. Other potential limitations of this technique include the present inability to identify CPD as well as to characterize more complex stones that contain multiple components in regions smaller than the µCT spatial resolution. Deveci et al (2004) used spiral CT to identify five stone types in vitro: UA, MAP, CYS, CP and COM. However, the differentiation of CP from COM calculi was difficult and overlapping CT densities were found for different components in some mixed stones, even with dual energy methods. In addition, some important stone components (COD and CPD) have not yet been characterized with this technique. No current diagnostic test or imaging technique has yet been successful in performing the task of identifying composition in vivo (Ramakumar et al 1999 , Nakada et al 2000 . At best, helical CT was successful in differentiating three types of stones: calculi predominantly composed of calcium oxalate, MAP and UA (Demirel and Suma 2003) .
We are developing a new non-destructive analysis method based on the CS of x-rays from intact stones. The method uses a conventional diagnostic 70 kVp x-ray beam (Westmore et al 1996) and is therefore not limited to surface analyses. We address laboratory investigations of stone composition here, but with modifications, this approach may have the potential for in situ analyses. CS results from the interaction between the x-ray electromagnetic wave and that of bound atomic electrons. It involves the uptake and re-radiation of the x-ray energy with no change in frequency. Interference of scatter from multiple sites results in x-ray diffraction. At diagnostic energies, the low-angle x-ray scatter (0-10
• ) gives rise to material-specific diffraction patterns (Johns and Yaffe 1983) . Although CS generally accounts for less than 10% of all interactions, it comprises the bulk of forward-directed low-angle scatter (Leclair and Johns 1998) . Angle-dependent scatter cross-sections are representative of the molecular structure of different materials and we have shown that pure stone types produce distinctive CS patterns , indicating that CS analyses can be used as a basis for classifying urinary calculi by composition.
Diffraction patterns from composite materials like mixed urinary stones exhibit characteristics of each individual component. The CS cross-section of a composite material is a linear combination of the individual cross-sections of its components since there are no interference effects between the x-rays scattered from different tissues in these materials (Hukins 1981) . It therefore permits the identification of materials, both pure and composite, provided that each cross-section is adequately distinct. Composition information is obtained from stone signatures through a comparison with a library (basis set) of CS patterns from pure chemical samples of stone components. This CS analysis technique has been used to identify the common pure stone chemical compounds (listed in table 1) accurately, in powdered form . Although such factors as the uniqueness of basis functions, the completeness of our spectral library, and the material analysis algorithm itself may currently affect our ability to accurately characterize and quantify materials, we have seen no evidence of a problem in the stone studies. However, this remains a potential issue and is further addressed in the discussion (section 5).
A more immediate problem was encountered in the analysis of complex intact stones, linked to the nature of crystal formation in urinary calculi. Biologically mineralized tissues like kidney stones are well recognized for their unusual crystal morphologies and hierarchically organized composite structures. While single crystals scatter x-rays preferentially in particular directions depending on the crystal structure and angle of incidence of the x-ray beam, the randomly oriented crystallites in powder samples produce azimuthally symmetric scatter patterns. In urinary calculi, minerals are deposited in a matrix of biological macromolecules (Sutor and Scheidt 1968) . The polycrystalline aggregates readily form randomly oriented well-ordered crystals within this matrix (Sutor 1982, Sutor and Wooley 1972) and thus generate a CS pattern that is more complex than that from powders. As a consequence, CS patterns from corresponding components in pure powdered form and within urinary calculi may not be identical. The presence or extinction of bright diffraction spots will, in most instances, enhance or de-emphasize the prominence of diffraction peaks in the CS crosssection. Thus, a composition analysis based on comparing CS measurements from urinary calculi to a library of CS signatures from powdered chemicals may lead to some uncertainties or errors.
We show here that the use of a tomographic CS measurement technique will eliminate these problems. Specifically, we demonstrate that computed tomographic reconstruction of CS measurements using conventional filtered backprojection introduces an average of diffraction spots over azimuthal angles that is equivalent to powdered materials. This allows for direct comparison of scatter patterns from intact urinary calculi with a chemical reference library. The capability of our coherent-scatter computed tomography (CSCT) analysis technique to perform a stone analysis in intact calculi allows us to correlate structure and composition post-therapy.
Theory

Coherent scatter
Biological specimens, such as urinary stones, will exhibit diffraction patterns, the characteristics of which depend on its composition. The differential CS cross-section is given by (Westmore et al 1996) 
where r 2 e 2 (1 + cos 2 θ) represents the Thomson cross-section where all atomic electrons act as scattering centres and r e is the classical electron radius. F (x, Z) represents a form factor dependent on both the atomic number Z and the momentum transfer argument x = (1/λ) sin(θ/2), expressed in terms of the x-ray wavelength λ and the scattering angle θ . The form factor describes interference effects between scatter arising from different electrons in the material under monoenergetic conditions and is determined by the Fourier transform of the electron charge distribution of the scatterer. Thus, CS is a property of the scattering material. For powdered, amorphous or polycrystalline materials with random orientation, form factors are isotropic.
Form factors can also be described per molecule to account for interference between the electrons of its different atoms (Johns and Yaffe 1983) . In materials containing some parallelly oriented crystallites (as seen in urinary calculi), the form factor has an added dependence on the azimuthal angle due to a non-spherically symmetric electron charge distribution. This results in the appearance of bright spots in the CS pattern.
The polyenergetic nature of diagnostic x-rays degrades the angular resolution of CS cross-sections by blurring diffraction rings (Westmore et al 1996) . We minimize this effect by using a gadolinium filter in the incident beam and have previously demonstrated that CS measurements for different stone materials, although blurred with respect to those obtained by XRD, show adequate structure to allow for their differentiation (Davidson et al 2005) . This suggests that a monoenergetic beam is not strictly required for the depiction of pure stone components.
Projection measurements of the CS cross-section
The measured CS signal from a particular x-ray projection through the specimen is affected by experimental parameters (detector and sample characteristics) not accounted for in equation (1). Since experimental measurements of CS will be used in subsequent calculations, it is compulsory to describe the CS cross-section in terms of the measured CS distribution. For a particular projection through the sample with pathlength l, the measured CS intensity from an element dl is given by
where k s is a constant of proportionality that depends on the detector quantum efficiency and gain factors, and dN s (l, θ ) is the number of x-rays scattered from dl and has been described previously (Westmore et al 1997) as being a product of the number of transmitted x-rays through the sample N t , the number density of scattering centres-per-unit thickness n 0 (l), the solid angle (θ ), the differential coherent CS cross-section from equation (1) and the quantity dl. Figure 1 . Illustration of parallel projections with associated CS cross-sections, p(t, θ|φ), with respect to both the image coordinate system (x, y) and the rotated coordinate system (s, t) for a CT projection angle φ. The variable θ is the scatter angle with respect to the incident beam.
In non-uniform samples, some beam paths will be longer than others, and experience increased attenuation. To correct for this, we normalize dI s (θ ) by I t , a measure of the transmitted intensity, where I t = k t N t and k t is a constant of proportionality describing the gain of the primary transmitted beam detector. We also divide by (θ ) to describe scatter intensity per solid angle. Integrating over pathlength yields
where k = k s /k t . The terms in the integral given in equation (4) are proportional to the differential CS cross-section, and will be henceforth referred to as cross-section and denoted as γ (l, θ):
Tomographic measurements of the CS cross-section
The theory behind this method has been described previously (Westmore et al 1997 , Davidson et al 2005 for amorphous materials, and is based on a method described by Harding et al (1985) . The method uses first-generation CT geometry in which a CS pattern is acquired for each projection ray as illustrated in figure 1. However, the suitability of this method has not been explored for non-isotropic CS patterns, such as those seen in calculi. The added dependence of CS characteristics on the azimuthal angle (dictating the location of bright spots) requires further investigation. Polycrystalline materials such as urinary calculi, with a number of randomly oriented ordered-crystallite aggregates, produce CS patterns that exhibit bright diffraction spots superimposed on azimuthally symmetric rings, as shown in figure 2. This makes the identification of such materials more difficult than amorphous types.
However, the positions and appearances of bright spots depend on the relative direction of these crystallites with respect to the interrogating x-ray beam. While diffraction spots will rotate around the central transmitted beam axis (azimuthally) as a function of the projection angle φ, we show that this problem can be largely eliminated using the method of CSCT crosssectional imaging of CS patterns. In this section, we describe how the φ dependence of scatter characteristics is propagated through filtered backprojection CT reconstruction, resulting in an effective average of diffraction spots over azimuthal angles.
We can rewrite equation (4) to describe the measured parallel projections p(t, θ|φ) through a location t (figure 1) over the pathlength s at the CT angle φ using equation (5):
where (s, t) represents a coordinate system rotated by an angle φ relative to image coordinates (x, y). Following the description of CT reconstruction given by Hsieh (2003) , the onedimensional Fourier transform of the projection p(t, θ|φ) for a specified φ is given by
where ω is the spatial-frequency variable corresponding to t. In the image coordinate system, equation (7) can be rewritten as
The Fourier slice theorem allows us to relate P (w, θ|φ) to the central slice of the twodimensional Fourier transform of the CS cross-section in each image pixel I (u, v, θ|φ) , at a specific projection angle φ (Hsieh 2003) , where
The CS cross-section for each pixel in the image can be recovered from equation (9) by first taking the inverse Fourier transform with respect to u and v:
Equations (8) and (9) can be equated if we set u = ω cos φ and v = ω sin φ. Through these specified relationships established via the Fourier slice theorem, P (w, θ|φ) is equal to I (u, v, θ|φ) . Thus, equation (10) becomes
The inner integral is the inverse Fourier transform of P (ω, θ|φ), or equivalently
a filtered projection. Thus, the reconstructed image, γ (t, θ), is a true average of filtered projections over CT projection angles φ. In the spatial domain, f (t, θ|φ) = f (x cos φ + y sin φ, θ). Equation (12) can be rewritten as
Unlike conventional CT, where a single image is produced from each projection set, CSCT results in a series of images, indicated by the index i, over the range of scatter angles found in the CS cross-section (i.e. each projection ray will contribute θ i values for reconstruction dependent on CS interactions).
The reconstructed image for each CS cross-section angular value θ i represents the summation of all the filtered projections for this value in each image pixel (equation (15)). Consequently, apparent contributions from preferred-orientation crystal diffraction that might otherwise skew the CS cross-section peak intensities will be averaged over azimuthal angles. The resulting CS cross-section is thus equivalent to the powdered cross-section if this average represents a true average over all possible orientations in the sample. The uniformity of the diffraction patterns post-reconstruction hinges on the assumption that a sufficient number of crystal orientations was interrogated by the incident x-ray beam. If this sampling is inadequate, differences to the powdered cross-section will result.
Materials and methods
Coherent-scatter system
A diagnostic x-ray image intensifier (XRII) based system developed by our group (Westmore et al 1996, Batchelar and ) is used to acquire CS images ( figure 3) . Diagnostic x-rays (tungsten anode, 70 kVp) are filtered by 0.30 g cm −2 gadolinium to reduce the spectral blur of the beam, thus improving the angular resolution of the measured CS cross-sections. Following this filtration, the x-rays are then collimated to a 1 mm 2 pencil beam. Collimation is achieved with a triple-aperture parallel-plate collimator to eliminate the contribution of scatter from this apparatus to the measured signal. Low-angle scatter from the sample is detected with a CsI XRII and a charge-coupled device (CCD) video camera. Diffraction patterns are acquired at a rate of 30 per second. The primary transmitted beam is detected by a Si-photodiode with a Gd 2 O 2 S screen placed on a 5 mm lead beamstop in front of the XRII. This beamstop prevents veiling glare from the transmitted primary beam from contaminating the CS signal. The resulting video signal is digitized under a Linux operating system with a PC using a PCI frame grabber (DT3155, Data Translation, Massachusetts, USA). Each diffraction pattern is sectioned into concentric annuli due to its circularly symmetric nature. The signal in each ring, I s,i is integrated, normalized by the solid angle subtended by that ring and corrected for self-attenuation , as described in equation (4). The resulting curve, or cross-section for each sample is proportional to the differential CS cross-section, given in equation (1).
Composition imaging from CS cross-sections
Composition analysis using CS.
Each θ i in the CS cross-section is reconstructed from all projections (Westmore et al 1997) . In this way, we produce a reconstructed intensity value for each scatter angle per pixel (as described in section 2.3), thus generating a reconstructed CS cross-section for each image pixel in the tomographic slice. Composition analysis is performed by examining the CS cross-section in each reconstructed CSCT pixel, γ (x, y, θ i ). In order to ascertain the constituent materials of any given pixel, the cross-section of chemically pure materials that may possibly be present in the object under investigation is obtained from their scatter patterns and used as a set of basis functions. Thus, it is important that the CS cross-section derived from reconstructed objects corresponds to their powdered component counterparts to allow for direct comparison with a chemical reference library. The basis functions are then fit to the values of γ (x, y, θ i ) using a non-negative least-squares (NNLS) regression (Lawson and Hanson 1974) . On a pixel-bypixel basis, NNLS yields the proportion of each constituent material, m j , by minimizing over all scatter angles i, where γ j (θ i ) is representative of material j 's basis function. Materialspecific images are scaled using m j to reveal the density of each constituent material in individual pixels relative to that of pure materials.
Composition imaging from crystallite CS cross-sections
Crystallite CS cross-section reconstruction.
The theoretical description of the averaging of bright spot contributions through filtered backprojection CT in section 2.3 is validated using a simple aluminium (Al) rod phantom. Much like kidney stones, the CS pattern from a solid polycrystalline Al rod will exhibit bright diffraction spots, which are absent in the symmetric, ring-like Al powder CS pattern (figure 4). In contrast to the intact stone specimen (figure 2), however, the Al rod pattern is dominated by bright spots and does not exhibit azimuthally symmetric rings (figure 4 (b)), demonstrating a higher degree of preferred crystallite orientation. The Al rod was chosen for this reason, to demonstrate an extreme case of the impact of CT reconstruction on oriented crystallite CS cross-sections. The proof-of-concept phantom consists of a 0.5 cm diameter Al rod placed in the centre of a 2 cm diameter water-filled polymethyl methacrylate (PMMA) cylinder. CS measurements of this phantom were acquired for a full CT data set consisting of 80 scatter patterns acquired at 70 kVp and 200 mA during a 2.7 s exposure (6.7 mAs per frame) for each of the 90 angular views over 180
• . Prior to reconstruction, the scatter patterns for each projection were segmented in ∼100 concentric annuli with corresponding scatter angle values. The averaging effects of reconstruction are examined through a comparison of the γ (x, y, θ i ) value in an image pixel containing Al with the effective average of all projection crosssections (over 90 angular views) from the Al rod scanned in air under similar x-ray settings.
Results are compared to a powdered Al cross-section acquired at 70 kVp and 200 mA during a 4 s exposure.
3.3.2.
Urinary stone CS cross-section reconstruction. While oriented crystallite contributions to CS patterns from intact stones will likely be minimal compared to those in the solid Al rod, all crystallite orientations must nevertheless be sampled to reconstruct powderequivalent CS patterns. We conducted this study to qualify the tomographic acquisition parameters (specifically the number of angular views) chosen for the intact stone analyses, described in section 3.4. An exploration of the dependence of the CS cross-section on the number of angular views was carried out on a pure MAP urinary stone fragment. CT acquisitions of this specimen (70 kVp, 200 mA) were carried out for 30, 60 and 90 angular views. The reconstructed CS cross-sections are compared to a powdered MAP cross-section acquired at 70 kVp and 200 mA during a 4 s exposure.
Composition analysis of crystalline materials using CSCT.
A material-specific analysis was carried out on the reconstructed CSCT data of the Al phantom placed in a water-filled PMMA cylinder. For this phantom, our chemical reference library consisted of water, PMMA and powdered Al, each exposed to 70 kVp x-rays for 4 s at 200 mA. Using the CS cross-sections from these materials as a basis set allowed the generation of materialspecific maps. These maps revealed their distributions in the reconstructed CSCT phantom image.
Imaging structure and composition in urinary calculi
3.4.1. Chemical reference library. An examination of component distributions in intact urinary calculi first requires the acquisition of an appropriate basis function set. The reference scatter patterns were acquired from pure chemical samples (Sigma-Aldrich Co. and Fluka Chemika) for all major stone components (COM, CP, CPD, MAP, UA and CYS) except COD, as it is unstable and not readily available in pure chemical form. The reference pattern for this material was derived from a powdered calculus identified by IRS as containing only this material. Each of these chemical samples was interrogated with 70 kVp x-rays for 4 s at 200 mA.
Composition analysis of intact urinary calculi.
For demonstration purposes, two different post-operative intact urinary stones deemed chemically pure (UA and CPD) by IRS were scanned in this manner. The bulk composition measured in each stone CT slice is compared to that reported by an IRS analysis of a small powdered sample of the same stone. In addition, composition analysis of intact urinary calculi using CS imaging was performed on tomographic slices of these samples. Eighty scatter patterns were acquired as the intact stone was translated through a pencil beam of x-rays during a 4 s exposure at 70 kVp and 6.7 mAs per frame (200 mA) and repeated for a total of 90 angular views. A series of images of the CS intensity at ∼100 scatter angles were reconstructed using filtered backprojection reconstruction. Mapping the intensity of a pixel at each scatter angle in the set of CSCT images produced a measurement of γ (x, y, θ i ). The measured cross-section in each pixel was decomposed into its constituents from which material-specific maps were constructed.
Results
Composition imaging from crystallite CS cross-sections
CS cross-sections in crystalline materials.
A demonstration of the variability of the CS cross-section with CT projection angle φ is shown in figure 5 for CS measurements of the Al rod, which has an ordered polycrystalline structure. Although a general trend can be seen in the CS cross-section for three different representative projection angles, some differences exist in peak locations and intensities. The observed differences are a direct consequence of the variability of preferred-orientation crystal contributions to the diffraction signatures as a function of projection angle. As such diffraction spots are not present in the powdered Al reference diffraction pattern, this may lead to mis-identification of the Al component in CS material-specific analysis, especially in the presence of other materials. 
CT reconstruction of the crystalline CS cross-section.
The averaging effects of CT reconstruction on the CS cross-section are summarized in figure 6 . The reconstructed CS cross-section of an Al-containing pixel in the phantom closely resembles the average CS cross-section calculated from multiple projections over 90 angular views of the same Al rod in air. The Al powder cross-section is also shown to exhibit very similar features to the reconstructed and average cross-sections. The differences remaining between the reconstructed Al rod and powder cross-sections can be attributed to the abundance of ordered crystallites within the rod. While the few crystallites within urinary stones are deposited in random orientations, the many crystallites within the Al rod will exhibit considerably more structured orientation. Despite this feature, CT reconstruction eliminated most of the preferred-orientation crystal contributions in its cross-section for a modest number of angular views. Due to the large number of oriented crystallites in the Al rod, a larger number of angular views during CSCT acquisition would likely enhance agreement with the Al powder cross-section by ensuring a more adequate sampling of all crystallite orientations.
CT reconstruction of the urinary stone CS cross-section.
The dependence of the reconstructed MAP component CS cross-section on the number of angular views in CT acquisition is summarized in figure 7 . The excellent agreement between the powdered MAP cross-section and that reconstructed over 90 angular views indicates that an adequate sampling of crystallite orientations was achieved. The cross-sections reconstructed from a smaller number of angular views (30 and 60 views) show poorer agreement and thus indicate an under-sampling of crystallite orientations.
Composition analysis of crystalline materials using CSCT.
The material-specific maps for the Al phantom are displayed in figure 8 . Each phantom component exhibits the expected spatial distribution. The Al rod is found in the centre portion of the phantom surrounded by water, and encapsulated within the PMMA cylinder. The reconstructed CS cross-sections of the Al-containing pixels within the phantom allowed for a direct comparison with a powdered Al basis function. This is reflected in the well-defined Al-specific image ( figure 8(d) ).
Imaging structure and composition in urinary calculi
Composition analysis of intact urinary calculi by CSCT.
Two ex vivo intact urinary calculi were imaged using CSCT. Material-specific images of the first stone (composed of only UA according to IRS) are seen in figure 9 along with the conventional (attenuation) CT image.
As predicted by IRS, these material-specific images reveal UA to be the sole component within this calculus. Concentric laminations, as seen in the photograph, are characteristic of UA calculi. Although different layers are seen, the composition of the darker and lighter coloured layers are identical; the dark layers are simply composed of larger UA crystal granules (Prien and Prien 1968) .
A similar set of material-specific images is shown in figure 10 , for a stone identified as pure CPD by IRS. Unlike the UA stone results (figure 9), these images reveal the presence of more than one component. Although CPD is found to dominate the composition, clusters of CP and MAP are also found, dispersed throughout the CSCT slice for this stone. These images provide strong evidence supporting the hypothesis that, due to inadequate sampling, current laboratory techniques risk missing some stone components in their analysis.
Discussion
Current laboratory and clinical kidney stone analysis techniques are limited in their abilities to simultaneously characterize stone composition and component distributions. The fact that such information could provide invaluable clinical information regarding stone formation, treatment and follow-up encourages the development of a technique possessing these abilities. This paper describes a method for examining the composition of intact urinary calculi based on measures of the x-ray CS cross-section. Some intact calculi have a small number of preferentially ordered crystallites that make their CS pattern non-circularly symmetric. Although measurements of the CS cross-section can be made in both radiographic and tomographic modes, the preferred-orientation polycrystalline nature of kidney stones promotes the tomographic acquisition of CS measurements. The feasibility of the CSCT method for these types of materials has been validated using an Al rod phantom. A computed tomographic reconstruction of projection CS measurements effectively eliminated the majority of preferred-orientation crystal contributions to the Al diffraction patterns. Not only does the projection angle at which we expose the specimen directly affect the location of bright diffraction spots, it does so in a predictable way (Klug and Alexander 1954) . Diffraction spots will rotate around the central transmitted beam axis as a function of projection angle. Exposing the sample through a series of projection angles (as in a tomographic acquisition) will smear the diffraction spots azimuthally and generate much more uniform diffraction rings. For successful generation of accurate material CS cross-sections, an adequate number of crystallite orientations must be sampled. This was demonstrated through the generation of a MAP stone component cross-section through a reconstruction of multiple angular views. By averaging CS patterns, CT reconstruction using filtered backprojection allows us not only to extract composition information, but also to examine the spatial arrangement of each mineral. Since powdered pure chemical CS patterns are not CT projection angle (φ) dependent, it is crucial to eliminate the φ dependence seen in polycrystalline material measurements that exhibit a preferential orientation. A materialspecific analysis of an Al rod phantom demonstrates our success in achieving this through reconstruction. The CS-based material maps shown in figure 8 clearly show the accurate separation of the polycrystalline Al component from the surrounding water and PMMA. The potential application of this method has been demonstrated with postoperative intact urinary stones. The composition maps derived from CSCT measurements of 'pure' stones (as identified by IRS) demonstrate that misrepresentations or oversights can occur due to inadequate sampling in stone composition assessment (figure 10).
Another issue affecting composition assessment in intact calculi is the technique's ability to discriminate and characterize multiple components. The presence of more than one component within a urinary calculus is almost a certainty. Approximately 80% of heterogeneous calculi comprise varying amounts of calcium phosphates and calcium oxalates (Daudon et al 1993) . While spiral CT has had some success in identifying various mixed stone types ex vivo, it has also been shown to misidentify two key components (calcium phosphates and calcium oxalates), thus demonstrating an inability to characterize a large proportion of mixed stones. Additionally, spiral CT density measurements were found to overlap for different components in some stones of mixed composition. The difficulties experienced thus far by spiral CT as well as other radiographic techniques in providing accurate delineation of stone components in intact stones limit their utility (Mostafavi et al 1988 , Saw et al 2000 , Deveci et al 2004 , Ramakumar et al 1999 , Nakada et al 2000 , Demirel and Suma 2003 . Unlike these radiographic techniques which use measures of transmitted x-ray fractions through the specimen to infer its characteristics, the contrast in images generated from CS measurements is governed by interactions with the specimen at the atomic level. The seven most common chemical components of urinary stones have each been shown to possess characteristic CS patterns, or cross-sections, signifying that components can be distinguished . While these components (COM, COD, CP, CPD, MAP, UA and CYS) characterize the large majority of stones, other rare components are sometimes found in calculi. It might be necessary to include some of these components in our spectral library for a more comprehensive stone analysis. Some of these components include xanthine, cholesterol, sulfoamides and bile salts (Herring 1962 , Sutor 1982 . As well, a characterization of the chemical variants of the major components should be attempted. For example, many urates can be found in calculi, including urates of ammonium, sodium, potassium and magnesium. These compounds were synthesized and all shown to possess characteristic XRD patterns by Herring (1962) . Different forms of apatite (hydroxyl and carbonate) also occur in stones. However, unlike the urates, these are undistinguishable with XRD analysis (Rodgers et al 1982) and thus cannot be differentiated with CS analysis. Although a more complete spectral library may aid in characterizing more stone components, it will also increase the complexity of component identification via the NNLS technique. Thus, the inclusion of these rare components in the materials analysis may only be necessary in cases where a poor fit is generated by the initial library of seven components.
A recognized limitation of CSCT materials analysis is the dependence of composition results on the NNLS fitting algorithm to identify and quantify the materials. The accuracy of the NNLS technique is currently being explored to determine its effectiveness in identifying stone components of interest. Controlled measurements and simulations will be required to assess the behaviour of the NNLS algorithm, particularly in instances where the CS cross-sections exhibit a low signal-to-noise ratio (SNR) or where the more similar basis (pure powdered) materials are present within an unknown stone sample. While the fit generated by NNLS is assessed visually in this study, statistical parameters such as R-squared and root-mean-square error may provide a better measure of fit. Examination of these parameters will highlight poor matches generated by the NNLS algorithm and dictate when issues related to fitting or chemical library completeness might skew composition results. While correspondence of measured cross-section features with XRD analyses confirmed that an analysis of low-angle CS signals provides direct information about the composition of stone samples (Davidson et al 2005) , they are less unique, or blurred, with respect to those acquired through XRD analysis. We have demonstrated that the angular blur in the CS cross-section is primarily a result of the use of a polyenergetic x-ray beam (Davidson et al 2005) . While this currently imposes a restriction on the achievable angular resolution of CS cross-sections, it is not a fundamental limitation of the technique. We are investigating alternatives to improve angular resolution via x-ray spectral width reduction through the use of monochromators and filters. Such implementations will further enhance CS characteristics for each key stone component, and have clinical impact on sensitivity and separability of components.
By producing composition maps of stones using CSCT, we can get an idea of component distributions non-destructively. As a laboratory technique, not only can such information give much better insight into causes or mechanisms of stone formation, but it can also provide a much better means of characterizing stone fragmentation success with ESWL therapy. Although composition has been shown to have an effect on stone fragmentation (Dretler 1988) , there exists considerable variability in fragmentation success for calculi as classified by their primary component (Williams et al 2003) . These inconsistencies have been speculated to be related to the presence of secondary components within calculi. Since pure stones rarely occur (Rodgers et al 1982) , the variable amounts of secondary components as well as their spatial distributions and layer structures will likely affect stone fragility. As such, the sole knowledge of the stone's primary component may provide insufficient information to predict its behaviour to ESWL and fail to offer adequate clinical classifications of stone fragility.
The ability to make CS measurements in intact calculi will allow more detailed laboratory studies to be conducted to explore how factors like variations in composition and structure impact vulnerability to ESWL. The tomographic reconstruction of CS patterns allows accurate depiction of stone materials by eliminating diffraction spots. Knowledge of the interrelationship between these stone features and other important mechanistic properties will potentially impact clinical decisions aimed at preventative and curative therapies.
Further studies will have to be conducted to explore the in situ applicability of this technique. The use of a standard diagnostic x-ray source, operating at energies similar to those used clinically, can allow for in vivo measurements. However, issues such as multiple scatter, signal and noise need to be explored to determine if this technique can be adapted for in situ analysis.
Conclusions
We describe a method of obtaining composition maps within intact urinary stones from x-ray coherent scatter. In particular, we show that a CT reconstruction of these CS signals allows for accurate characterization of the polycrystalline constituents with preferred-orientation in urinary calculi. CS can separate primary stone components in chemical samples and in tomographic slices to show structure and composition. This can provide substantially more clinically relevant information than currently available from laboratory techniques such as IRS.
Current diagnostic techniques are unable to provide adequate information on composition (especially for stones of mixed composition) due to a lack of differentiation in radiographic characteristics. CS-based characterizations are unaffected by the presence of more than one component thus allowing the analysis of both pure and mixed composition stones. Consequently, CSCT may provide the urologist more diagnostically relevant information than existing techniques.
The material-specific results presented here support the development of CS analysis as a means for identifying stone composition both at the laboratory level (for post-operative analyses and explorations of shock-wave lithotripsy responses) and possibly for in situ composition assessments. Such characterizations may have the potential to elicit changes in the course of treatment or the preventative measures against recurrence for urinary stones.
